T he capacity to perform controlled oxidation-reduction reactions is one of the distinguishing features of life. All living organisms use such reactions to trap or liberate energy or to synthesize essential cell constituents and metabolites. This is accomplished by specialized biomolecules that package and shuttle energy between different processes.
from nutrients also are needed for the biosynthesis of new material and for the removal of toxins and reactive metabolites. This shuttling of electrons between different reactions is accomplished by soluble electron carriers-the pyridine nucleotide coenzymes.
Both prokaryotic and eukaryotic cells synthesize 2 sets of specialized pyridine nucleotides (NAD + /NADH and NADP + /NADPH). The structure of these nucleotides is optimized for ready exchange of electrons and for recognition by specialized nucleotide-binding domains (NBDs) located at the active sites of >200 different oxidoreductases. The business end of these nucleotides is a nitrogenous, nicotinamide ring that donates hydride ions. This transfer of electrons is accompanied by a large negative free energy change that leads to a more stable arrangement of electrons. The ring is also optimized for accepting electrons during exergonic oxidation reactions and is linked to adenosine via a pyrophosphate bridge ( Figure 1 ). The unique structure of pyridine nucleotides imparts specificity of function. The NBD of most oxidoreductases interacts with both the nicotinamide and the adenosyl moieties of pyridine nucleotides and, therefore, these enzymes can discriminate between pyridine nucleotides and their precursors or metabolites. Moreover, these enzymes also can distinguish between reduced and oxidized states of the nucleotide and by specifically recognizing the phosphorylation state of the ribose ring, between NAD + and NADP + .
Specific interactions between pyridine nucleotides and oxidoreductases support a diverse range of metabolic reactions. NADP(H) is recognized by enzymes that are involved primarily in anabolic (reductive) reactions, such as lipid or cholesterol synthesis or fatty acid chain elongation, whereas NAD(H) is recognized by enzymes that catalyze catabolic reactions of glycolysis and by components of the electrontransport chain. This differential recognition of NADP(H) and NAD(H) enables the cell to maintain the supply of electrons for 2 contrasting purposes, independent of each other. A high NAD + :NADH ratio is maintained to readily accept electrons generated by catabolic reactions, whereas the low NADP + :NADPH ratio reflects a state of readiness to donate electrons to biosynthetic reactions or antioxidant defense. As a result, the availability and the redox state of pyridine nucleotides regulate the activity of the processes involved in intermediary metabolism, 1 biosynthesis, antioxidant defense, and xenobiotic detoxification. Moreover, because the pyridine nucleotide couples have one of the lowest standard reduction potentials in the cell (−0.315 V for NAD[H] and −0.320 V for NADP[H]), their redox poise (the NAD[P]H:NAD[P] ratio) dictates the overall redox state of the cell.
Although the principal role of pyridine coenzymes is to donate or accept electrons without undergoing any other transformation, these nucleotides also are used by some enzymes as substrates and are converted to reactive metabolites that regulate cell signaling. For instance, NAD + is used by poly-ADP ribose polymerases to construct polymers of ADP ribose to form scaffolding that recruits DNA repair enzymes for repairing single-strand DNA breaks. NAD + also is consumed during lysine deacetylation of proteins by sirtuins. Some mitochondrial and nuclear sirtuins use NAD + to support their ADP-ribosyl transferase activity. In addition, pyridine nucleotides are metabolically converted to specialized signaling molecules, such as NAADP + , ADP-ribose, and cyclic adenosine diphosphate ribose (cADPR) (Figure 1 ). The use of NAD + by these reactions affects a wide array of signaling and genetranscription events (see other review articles in this series). 2, 3 Thus, acting as essential cofactors in redox reactions, or substrates in ribosyl transfer reactions or precursors of signaling molecules, pyridine nucleotides directly or indirectly regulate a large network of metabolic reactions and link the activity of several enzymes to the redox status of the cell. Moreover, in addition to these regulatory functions, recent work has shown that pyridine nucleotides also regulate the activity of ion channels, by acting either as ligands or as substrates of accessory subunits that modify channel gating. Further understanding how pyridine nucleotides regulate ion channels therefore might shed new light on the mechanisms by which cells respond to environmental variations in oxygen and nutrient availability and those underlying the metabolic regulation of ion transport, excitability, apoptosis, and osmoregulation.
In this article, we review evidence implicating pyridine nucleotides and their metabolites as direct or indirect regulators of ion channels. Several ion channels, such as the voltagegated potassium and sodium channels, have been shown to be regulated by pyridine nucleotides. We discuss each of these channels individually. Although in some cases direct evidence is lacking, we have included speculative discussion on these channels to stimulate future research in this area. To underscore the importance of this relationship, we highlight the evolutionary conservation of this link from bacterium to human. Regulation of bacterial transporters represents the most direct link between pyridine nucleotides and ion transport, and the simple regulatory modes seen in bacteria recur in eukaryotic systems in more elaborate forms. In addition, the structural bases and the biophysical mechanisms of this regulation in bacteria seem to be prototypes that have been conserved during evolution or have been developed to regulate ion channels by other ligands, such as calcium or ATP. Moreover, recognition of the similarities between bacterial and eukaryotic modes of regulation might help in investigating conserved functional mechanisms. 
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Regulation of Potassium Transport by Pyridine Nucleotides Bacterial Potassium Transporters
It is currently believed that life originated in an aqueous environment in which negatively charged biomolecules, such as proteins and nucleic acids, were trapped in a semipermeable membrane. The high osmotic pressure exerted by charged biomolecules was counterbalanced by a high concentration of positively charged K + ions within the membrane-delimited cell. This intracellular accumulation of K + and exclusion of the more abundant sea water cation, Na + was probably used to energize the cell membrane. As a result, all living cells tightly regulate K + transport and use K + as the major solute to control osmolarity. The regulation of K + transport is critically important not only for survival and growth but also for maintaining cytosolic pH and for transmitting information from the extracellular to the intracellular environment. Although it is unknown how archaic cells regulated K + transport, modern bacteria, such as Escherichia coli, maintain separate systems for K + uptake and efflux. Transport systems, such as Trk, Ktr, and T2M channels, mediate active uptake of K + ions, whereas K + efflux is effected by the Kef system. Remarkably, all 4 of these transport systems possess a nucleotide-binding potassium transport nucleotide-binding domain (KTNBD) 4, 5 (Figure 2 ). In uptake systems, this domain is in the cytosolic subunits (TrKA or KtrA) that assemble with the membrane-spanning subunits (TrkG/H or KtrB/D), whereas in systems mediating K + efflux (KefC/B), the KTNBD is covalently linked to the cytosolic C-terminus of the ion transporter. In both instances, the cytosolic location of the NBD suggests a sensing mechanism in which ligand binding to the intracellular domains of the transporter could alter K + flux through the ion-conducting pore. This possibility is reinforced by the invariant proximity of the KTNBDs to the base of the innermost pore-forming helices, 4 suggesting that conformational changes in the KTNBD could readily alter the ion transport properties of the pore. The KTNBDs of bacteria form a well-conserved Rossmann fold, which is a stable NAD + -binding motif composed of 6 parallel β strands linked to 2 pairs of α-helices. This fold is commonly found in several bacterial and eukaryotic dehydrogenases. The Rossmann fold of KtrA binds to both NAD + and NADH. Binding of these ligands is essential for the maintenance of the tetrameric state of KTNBD and ligand-mediated changes. This could impart conformational changes in the ion-transporting subunit to alter its conducting properties, 4 although this has not been directly demonstrated.
Like KtrA, the K + uptake proteins TrkG/H also interact with subunits (TrkA) containing the KTNBD. The TrkA subunit of TrkG/H has 2 distinct dinucleotide-binding sites in each of 2 similar subdomains and, in addition to TrkG/H, TrkA also interacts with several other proteins, such as TrkE, to form functional channels. Each half of the protein sequence of TrkA aligns with NAD + -dependent dehydrogenases, such as lactate, malate, and alanine dehydrogenase, and purified TrkA binds NAD + and NADH with much higher affinity than ATP. 6 Because TrkA lacks the C-terminal catalytic domain Figure 2 . Association of pyridine nucleotide-binding proteins with bacterial potassium transporters. A, The ancestral 2-transmembranetype of prokaryotic K + channel contains a dinucleotide-binding domain covalently attached to the C-terminus of the channel, whereas both the TrkH (B) and the KtrB (C) transporter associate with cytosolic proteins (TrkA and KtrA) that bind nucleotides. TrkA contains 2 nucleotidebinding domains. Adapted with permission from Biophys J, Durrell et al. 5 D, Model of channel gating in which alternative potassium transport nucleotide-binding domain (KTNBD) conformations can impart an asymmetrical twist on the inner pore-lining helices of the channel, which could affect ion passage. KTNBD is colored with hydrophobic interaction surfaces highlighted in orange. These conformational changes can be either ligand-mediated (blue and red balls represent small cytoplasmic molecules, such as NADH and NAD + ) or stabilized by the binding or the release of auxillary protein subunits (green). Adapted with permission from Cell, Roosild et al 4 (Illustration: Ben Smith).
by guest on September 4, 2017 http://circres.ahajournals.org/ Downloaded from of dehydrogenases, it is considered unlikely that the protein has enzyme activity. Nevertheless, it has been proposed that binding of NAD(H) to TrkA regulates the transport activity of the TrkG and the TrkH systems, 4 but the functional regulation of Trk transporters by NAD(H) has not been directly demonstrated to date. However, the presence of a pyridine NBD in TrkA suggests potential coupling between energy expensive import of K + ions and active metabolism. This coupling might be particularly important during cell growth. A high NADH:NAD + ratio is a prerequisite for cell growth, and activation of K + import by pyridine nucleotides may be required to maintain cytoplasmic K + levels and turgor pressure during cell expansion. 4 In contrast to the K + uptake systems, which associate with nucleotide-binding proteins, the K + -efflux system, KefC, has a KTNBD that is covalently linked to its ion-transporting subunits. The KefC transport system is inactivated by reduced glutathione, and it is activated by glutathione-S-conjugates. 7 Activation of this transport by glutathione conjugates leads to acidification of the cytosol. Because thiol reactivity is decreased at low pH, this might be a strategy for preventing the modification of cytosolic protein thiols, and thereby for protecting the bacteria from electrophilic stress. The C-terminal KTNBD of KefC is similar in structure to the Rossmann fold of dihydrofolate reductase and it binds glutathione. Inhibition of KefC by glutathione is enhanced by NADH, but not NAD + , indicating that NADH:NAD + ratio could regulate the antiporter activity of KefC. 8 In addition to glutathione and NADH, the KTNBD of KefC also binds to the auxiliary subunits, KefF and KefG, which are required for the full activation of KefB/C. 9 The primary sequences of KefC and KefG show striking resemblance to human quinone reductases and in the crystal structure of KefF, FMN is bound to the KTNBD of the protein 10 ( Figure 2 ). Recently, it has been shown that the KefF is a bonafide oxidoreductase in which NADH and NADPH act as electron donors and quinones and ferricyanide act as acceptors. 11 Although enzyme activity was not found to be required for KefC activation, it was suggested that by catalyzing the reduction of quinones, KefF protects KefC from the toxicity of electrophilic quinones. 11 As discussed, the link between K + channels and nucleotide-binding proteins in bacteria is conserved in eukaryotic K + channels. Like the bacteria efflux systems (Kef), some of the eukaryotic channels, such as the Slo channels, possess a nucleotide-binding site in their cytosolic domain, whereas others, such as Kv channels, associate with auxiliary subunits that bind pyridine nucleotides in a manner reminiscent of the bacterial K + uptake systems (Trk/Ktr). Moreover, like bacterial channels, the mammalian K + channels also are regulated by pyridine nucleotides. It is likely that this mode of regulation is conserved during evolution because it plays a critical, nonredundant role in linking K + transport to the metabolic state of the cell, thereby enabling the cell to sense and respond to changes in the external environment.
Mammalian Channels
Slo K + Channels
The Slo family comprises high-to-intermediate conductance channels with a C-terminal domain that bears close resem blance to TrkA and other NAD + -binding prokaryotic K + transporters. 12 These channels are widely distributed across Linnaean borders and are expressed in many types of cells, including cardiac myocytes and smooth muscle cells. The 4 mammalian Slo genes, Slo1 (BKCa), Slo2.1 (Slick), Slo2.2 (Slack), and Slo3, encode proteins that form K + -selective homotetrameric channels. 13 The core region of these channels resembles the canonical Kv channels, but their cytoplasmic domain shows unusually high structural diversity. Variations in the cytosolic domain enable these channels to respond to a wide range of intracellular ions and metabolites ( Figure 3 ). The cytosolic region of Slo1 binds to calcium via the calcium bowl located at the distal end of its hydrophilic tail; therefore, these channels are sensitive to changes in both membrane potential and [Ca 2+ ] i . The Slo2.1 channel is regulated by Cl − , but it contains an ATP-binding domain as well. The Slo2.2 channel is insensitive to Cl − and it does not bind ATP. Nevertheless, both Slo2 channels respond to elevated [Na + ] i levels, giving rise to the K Na current. 15 Initial work showed that the K Na channels are sensitive to sodium only at supraphysiological levels (50-80 mmol/L), making it doubtful whether they could be regulated by physiological changes in [Na + ] i that usually vary between 5 and 15 mmol/L. 16 Channel run-down after initial excision also was frequently observed. These discrepancies remained unresolved until Tamsett et al 12 found that the cytoplasmic domain of both Slo2.1 and Slo2.2 contains NBDs similar to TrkA. This site includes a canonical NAD + -binding βαβαβ motif that was required for nucleotide binding. 12 They also found that application of physiological levels of NAD + to inside-out patches of rat dorsal root ganglion neurons led to a 2-to 2.5fold increase in the open probability of K Na channels ( Figure  3 ) and a decrease in EC 50 of Na + from 50 to 20 mmol/L. The specificity of this interaction was reinforced by the finding that other cytosolic factors (cAMP, cGMP, and ATP) were without effect. 17 NAD + , but not NADH, was effective in altering the gating properties of the channel, but only in the presence of Na + . Moreover, like native K Na channels, the current generated by Slack channels also was increased by NAD + or NADP + . Site-directed mutations at the NAD + -binding site of the Slo2 channel abolished this response, suggesting that direct nucleotide binding to the cytosolic region of the channel is required for these channels to respond to changes in pyridine nucleotide levels.
The regulation of K Na /Slo2 channels by NAD(P) + suggests that the activity of these channels may be coupled to the metabolic state of the cell. This mode of regulation may be particularly important during ischemia-reperfusion and other conditions in which accumulation of NAD(P) + could increase K + efflux via these channels. High levels of intracellular NAD(P) + also would increase the sensitivity of these channels to intracellular sodium. Indeed, it has been suggested that in ischemic cardiac myocytes, elevated [Na+] i levels activate K Na , and an increase in this current shortens the action potential duration and induces calcium overload. 18, 19 Therefore, regulation by pyridine nucleotides would allow these channels to adapt simultaneously to both the metabolic and the ionic conditions prevalent in the ischemic heart. Interestingly, even though the evidence is indirect, it has been proposed that the by guest on September 4, 2017 http://circres.ahajournals.org/
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Slo2 channels are present in cardiac mitochondria. 20 If present, the regulation of these channels by pyridine nucleotides might represent conservation of the link between metabolism and ion transport in modern mitochondria and their prokaryotic ancestors.
The NAD + -binding site of Slo2 resembles the calcium binding site of the cytoplasmic domain of Slo1 channels, which contain 2 regulators of potassium conductance domains. 13 The regulator of potassium conductance domain is similar to the KTNBD of bacterial channels 4 found in 6-transmembrane K + channels, except that in the KTNBD the nucleotide binding Rossmann fold is not conserved. The N-terminus of the regulator of potassium conductance domain of Slo1 forms a Rossmann fold, which is similar to that seen in the structure of the cytoplasmic region of Slo2.2 21 ; however, amino acid replacements in this domain during evolution have recruited the structure to bind calcium ions in case of Slo1 and sodium in case of Slo2.2. Although no direct pyridine nucleotide binding to the regulator of potassium conductance domain of Slo1 channels has been demonstrated, Lee et al 22 have reported that application of 2 mmol/L NAD + to the internal face of excised patches from small (<300 μm) pulmonary arteries reduces the open probability of BKCa channels, whereas NADH has the opposite effect ( Figure 3 ). However, pyridine nucleotides had no effect on steady-state BKCa conductance in ear arterial smooth muscle cells 22 or in large (>300 µm) intralobar pulmonary arteries, 23 although in large arteries, application of NADH did lead to a voltage-dependent block of the channel. 23 Although these observations are intriguing, further studies are required to understand how intracellular changes in pyridine nucleotides regulate the activity and the physiological role of Slo channels.
Voltage-Gated Potassium Channels
Like the bacterial KefC K + transporters, several eukaryotic voltage-gated potassium (Kv) channels also associate with pyridine nucleotide-binding proteins. These channels play a fundamental role in many physiological processes. They control the membrane potential of excitable cells and they modulate the waveform and the frequency of the action potential. These channels also regulate neurotransmitter release, as well as cell volume, 24, 25 proliferation, 26 and apoptosis, 27 and they play a key role in T-cell differentiation, activation, and cytokine production. 28 Also, the activity of these channels controls basal-stimulated and agonist-stimulated vasomotor tone, and membrane hyperpolarization caused by the activation of Kv channels regulates vasodilation. 29 In small resistance arteries, oxygen-sensitive changes in Kv channel activity mediate hypoxic pulmonary vasoconstriction (HPV). 30, 31 Therefore, altered Kv channel activity is associated with cardiac arrhythmias, 32 pulmonary hypertension, 33 epilepsy, and abnormal immune responses. 28 The diverse functions of Kv channels relate to their varied structure. The ion-conducting pore of Kv channels is formed by 4 membrane-spanning α-subunits in homotetrameric or heterotetrameric assembly. To date, 12 different Kv channel proteins have been described. 24, 34, 35 The pore-forming subunits of several Kv families associate in situ with ancillary subunits that aid channel assembly and modify channel function 24 (Figure 4 ), such as the proteins of the Kvβ family, which interact with the cytosolic domains of Kv1 and Kv4 channel proteins. 37 In heterologous expression systems, cloned Kv1 αsubunits generate slowly inactivating (delayed rectifiers, eg, Kv1.1) or rapidly inactivating (A-type channels, eg, Kv1.4) outward currents. However, coexpression with Kvβ1 confers rapid inactivation to Kv1.1 currents 38 and accelerates Kv1.4 inactivation. The inactivation of A-type Kv currents has been shown to be mediated by the N-terminal domain (ball-andchain) of the α-subunits, which blocks the internal mouth of the channel on membrane depolarization (N-type inactivation). Inactivation of Kv1.4 is lost when the N-terminal ball of the channel is removed, but it could be restored by coexpressing Kvβ1, indicating that the Kvβ1 proteins can provide the inactivating ball in a manner analogous to the inactivating 38 although when assembled with Kv1.5, Kvβ2 causes a −10-mV shift in the activation threshold and accelerates channel activation. 39 Kvβ2 also has been shown to modestly accelerate inactivation of Kv1.4 currents. 39 The Kvβ3, which possesses an inactivation ball with 90% sequence identity to that of Kvβ1.1, has been found to impart inactivation to slowly inactivating Kv1.5 channels. 40 The Kvβ proteins are members of the aldo-keto reductase (AKR) superfamily that includes 15 individual families of oxidoreductases involved in carbonyl metabolism. Members of individual families share at least 40% sequence homology with each other and <40% homology with other AKRs. All AKRs share a (β/α) 8 triosephosphateisomerase-barrel structural fold in which the active site is located at the C-terminus. These proteins do not contain a Rossmann fold, but they bind pyridine nucleotides with high affinity via a unique AKR NBD. Mammalian AKRs belong to 3 families, AKR 1, 6, and 7, and the Kvβ proteins belong to the AKR6A family. The hyperkinetic locus of Drosophila melanogaster is the founding member of the AKR6B family, whereas the homologous β-subunit proteins from plants constitute AKR6C family. In humans, there are 3 Kvβ genes, systematically designated as AKR6A3 (Kvβ1), AKR6A5 (Kvβ2), and AKR6A9 (Kvβ3). In addition, the AKR6A3 gene undergoes alternative splicing to give rise to Kvβ1.1, 1.2, and 1.3, and the 6A5 gene is alternatively spliced to generate Kvβ2.1 and 2.2. Figure 5 lists Kvβ proteins identified to date. To avoid confusion caused by variable names in current databases, we have included a revised nomenclature for human Kvβ proteins and their splice variants, which is consistent with the AKR structure of these proteins.
The AKR nature of Kvβ proteins was first identified by the significant homology between the amino acid sequence of the Shaker β-subunit and proteins of the AKR superfamily. 41 Amino acid alignments also showed that the AKR residues involved in cofactor binding are conserved in the Shaker βsubunit. 42 In accordance with these predictions, we found that purified Kvβ proteins bind to pyridine nucleotides with high affinity (K d values between 0.1 and 6 μmol/L). 43 In vitro these proteins bind NADP(H) with higher affinity than NAD(H). However, the nature of the cofactor bound to Kvβ in vivo is unclear, because NAD(H) levels in excitable tissues are 2-to 7-fold higher than that of NADP(H); therefore, it is possible that the lower affinity of Kvβ for NAD(H) is offset by higher NAD(H) levels in the cell. Hence, the extent and the nature of the nucleotide bound to Kvβ in vivo may depend on the prevailing concentration of all 4 nucleotides in a cell. We believe that this might allow the Kvβ to respond to a wide range of metabolic conditions by being sensitive to changes in both NADP(H) and NAD(H) levels.
To examine the functional effects of pyridine nucleotide binding, we studied Kvβ1.3-mediated inactivation of Kv1.5 expressed in COS-7 cells. 44 We found that oxidized nucleotides (NAD[P] + ) prevent inactivation, whereas reduced nucleotides have no effect. These findings have been corroborated and expanded by subsequent investigations, which have shown that NAD(P) + removes the inactivation of Kv1.1 by Kvβ1 45 and Kv1.5 inactivation by Kvβ3. 46 NAD(P) + also has been shown to prevent the Kvβ2-mediated hyperpolarizing shift in Kv1.5 activation 46 and the acceleration of Kv1.4 current inactivation. 47 The results of whole-cell patch-clamp have been substantiated by excised inside-out single-channel experiments in which it was found that the mean open time and the open probability of Kv1.5+Kvβ1.3 44 and Kv1.1+Kvβ1 45 currents are increased by adding NAD + to the perfusate. The specificity of these interactions has been established by sitedirected mutagenesis studies, which indicate that active site mutations that prevent nucleotide binding abolish the effects of NAD(P) + on current inactivation. 48 Additional mutagenesis and domain-deletion experiments have shown that oxidized nucleotides promote the binding of Kvβ N-terminus to the core of the protein and thereby remove inactivation by preventing the N-terminus from blocking the channel. 49 This interaction also may be regulated by the cytosolic C-terminus of the membrane-spanning channel protein. For instance, it has been reported that deletion of Kv1.5 C-terminus prevents NAD(P) + -mediated removal of inactivation by Kvβ3. 46 Moreover, even though NAD(P)H does not affect Kv1.5 inactivation by Kvβ1.3, 44 it accelerates Kv1.5 inactivation by Kvβ3. 46 Collectively, these observations indicate that pyridine nucleotides bind directly to the Kvβ active site and that NAD(P) + binding induces a specific conformational change that prevents Kvβ-induced inactivation, whereas NADP(H) binding preserves or promotes inactivation ( Figure 4 ).
The gating of the Kv-Kvβ assembly could be regulated by changes in the extent of cofactor binding that passively mirrors the cellular levels of these nucleotides. Thus, high intracellular levels of NAD(P)H would promote inactivation, whereas an increase in NAD(P) + would remove inactivation. However, the effects of pyridine nucleotides also could be altered by catalysis. Substrate-supported catalytic conversion could alter the redox state of the pyridine nucleotide bound to Kvβ, and therefore modify Kv gating. Tertiary structure analysis shows that the 3-dimensional orientation of the residues involved in hydride transfer in other AKRs is conserved in Kvβ proteins, 42 suggesting that like other AKRs, these proteins might be catalytically active. Both Kvβ1 and Kvβ2 proteins display measurable catalytic activity with model aldehydes, such as 4-cyanobenzaldehyde (4-CY) and 4-carboxybenzaldehyde. They also display catalytic activity with endogenous aldehydes, such as 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3phosphocholine and 4-oxononenal, 12-lipoxygenase products, such as prostaglandin J2 (PGJ 2 ) and 12-oxo-eicosatetraenoic acid, and advanced glycation end-product precursors, 3-deoxyglucosone, and methylglyoxal. 50, 51 Enzyme kinetic studies have shown that like other AKRs, Kvβ uses the active site tyrosine residue (Tyr-90) for acid-base catalysis and that the catalytic cycle follows an ordered reaction scheme in which the bond-breaking step is rate-limiting. 50 These results support the notion that Kvβ proteins are bonafide oxidoreductases.
Nevertheless, it is unclear how catalysis regulates Kvβ function in vivo.
There is no evidence that any of the substrates identified to date are endogenous regulators of Kv channels or whether these carbonyls are generated in vivo to levels required to regulate Kv gating. Moreover, mice expressing catalytically inactive Kvβ2 have no overt phenotype, 52 making it difficult to postulate a major role of Kvβ catalysis in regulating Kv channel gating. However, data from in vitro studies support the concept that, at least in principle, the catalytic activity of Kvβ could regulate Kv activity. Zhou et al 47 have demonstrated that in inside-out patches excised from oocytes expressing Kv1.4 and Kvβ2, perfusion with 4-CY decreases the rate of channel inactivation. Perfusion with 4-CY also decreased the rate of inactivation of Kv1.1 by Kvβ1. Because 4-CY is a Kvβ substrate, it could remove Kv inactivation by oxidizing NADPH to NADP + at the active site of Kvβ. This possibility is supported by the observation that NADPH addition could reverse the effects of 4-CY 47 and that mutation of the active site lysine (Lys-152) to methionine, which diminishes the catalytic rate, slows inactivation of Kv1.1-Kvβ1 currents. 45 Interestingly, the rate of channel modulation was higher than the rate of catalysis measured with the pure enzyme, 47 suggesting that the hydride transfer step could be accelerated by the coassembly of Kvβ with Kv1 in the cell. Furthermore, it was found that the effects of both 4-CY and NADP + were faster at more depolarized potentials, suggesting that NADPH oxidation or exchange could be regulated by the membrane potential. Thus, catalysis could affect Kv currents, and changes in membrane potential could in turn affect the catalytic rate. This is an exciting observation because it suggests an entirely new mechanism by which membrane voltage could regulate cell chemistry.
Membrane voltage could affect catalysis by altering the interaction of Kvβ with the cytosolic T1 domain or the C-terminus of Kv channels. Electron microscopic single particle analysis of the Shaker channel bound to Kvβ2 shows that the C-terminus of the channel is in close contact with Kvβ active site. 53 This analysis indicates that the C-terminus of the Kv channel is connected directly to the inner helices of the channel, which are expected to undergo large movements during the opening and closing of the gate, thus the conformation and the orientation of Kv C-terminus relative to the β-subunits could change as function of the membrane voltage. Although the role of Kv C-terminus in imparting voltage-sensitivity to Kvβ catalysis has not been studied, it has been recently reported that in vitro the C-terminal peptide of Kv1.5 interacts more avidly with NADPH than NADP + -bound Kvβ2 and that its deletion prevents differential regulation of Kv1.5+Kvβ2 and Kv1.5+Kvβ3 currents by reduced and oxidized nucleotides. 46 Despite these findings, the general physiological role of Kv C-terminus remains unclear. Unlike the C-terminus of Kv1.5, the C-terminal domain of Kv1.1 does not affect channel regulation by Kvβ1 bound to pyridine nucleotides. 45 Moreover, in addition to Kvβ, Kv channels bind to several other ancillary proteins, 37 which could potentially modify α-β interactions and the interaction of the C-terminal domain with the β-subunit. In the hippocampus, leucine-rich glioma inactivated gene 1 (LGI1) protein coassembles with Kv1.4 and Kv1.1 and prevents N-type inactivation of these channels imparted by Kvβ1. 54 Moreover, the inactivation of Kv1.1 by Kvβ1.1 is prevented by phosphoinositides (eg, PIP2), which immobilize the ball-and-chain inactivation domain of both Kvα and β. 55 The inactivation of Kv channels by Kvβ is also modified by the subunit assembly of Kv-subunits. For instance, the N-type inactivation prevention domain of the N-terminus of Kv1.6 channels prevents β-mediated inactivation in heteromeric Kvα complexes. 56 However, the role of individual components of native Kv channel complexes in regulating Kv α-β interactions and their dependence on pyridine nucleotides are unclear and merit additional investigation.
Although the regulation of Kv currents by pyridine nucleotides has been studied in heterologous systems, the physiological significance of this regulatory axis has not been assessed. Kv channels participate in several physiological processes and, therefore, their activity is extensively regulated by posttranslational modification and subunit assembly. Regulation by pyridine nucleotides could provide additional control by coupling the activity of these channels to the changes in metabolic activity or the redox state of the cell. Previous work has shown that Kv channels are sensitive to changes in cell metabolism and oxygen levels. For instance, hypoxic depolarization of pulmonary artery smooth muscle cells (PASMCs), which underlies the phenomenon of HPV, has been shown to be attributable to the inhibition of Kv1.5. 57 Moreover, hypoxic inhibition of I Kv in PASMC as well as HPV in isolated lungs and pulmonary arteries is reduced in Kv1.5-deficient mice, 31 and adenoviral transfection with Kv1.5 restores oxygen-sensitive Kv currents in PASMCs and normalizes HPV in isolated lungs of chronically hypoxic rats. 58 However, Kv1.5 has been found to be sensitive to oxygen when expressed in PASMCs, but not other cell types, 59 indicating that factors other than the poreforming subunits of the channels may be required for the oxygen sensitivity of the channel.
The pyridine nucleotide-binding Kvβ proteins with their ability to regulate Kv current could in principle impart oxygen sensitivity to Kv1.5 channels. Kvβ is highly expressed in PASMCs, and its expression is much higher in the distal than the proximal bovine pulmonary artery, 60 consistent with its potential role in oxygen sensing and HPV. Moreover, the Kv1.5-Kvβ1.3 channels are the major components of I Kv in PASMC, 57 and in COS-7 cells, these channels are differentially regulated by oxidized and reduced pyridine nucleotides. 44 Therefore, it is conceivable that an increase in NADPH:NADP + ratio during hypoxia activates Kv1.5-Kvβ1.3 currents at more negative values of the membrane potential, whereas the current is inhibited at more positive membrane potential, when inactivation becomes more prominent. Such behavior has been observed in hypoxic canine PASMC, 61 but not in other species. In rat PASMCs hypoxia inhibits Kv currents, and this inhibition is associated with shift in activation threshold to more positive membrane potential. 62 This species difference may be attributable to differences in Kvβ expression. Activation of Kv currents by hypoxia may be attributable to Kvβ1.3, whereas inhibition may be related to Kvβ2, which does not affect Kv inactivation but causes a shift in voltage-dependence of activation, although an increase in NADPH:NADP + ratio would be expected to cause a hyperpolarizing rather than depolarizing shift in activation threshold. 46 Clearly, further work is required to implicate Kvβ in HPV and to delineate the contribution of different Kvβ subunits in regulating the oxygen sensitivity of Kv channels.
In addition to regulating Kv1 channels, Kvβ proteins could affect Kv4 activity as well. In heterologous expression systems, Kvβ interacts with both Kv4.2 and Kv4.3 channels. Experiments of Pérez-García et al 63 show that when expressed in HEK-293 cells, Kvβ1.2 does not affect the rate of inactivation of Kv4.2 currents, but it makes these currents sensitive to thiol-modifying reagents. They also found that the Kv4.2 channels when expressed alone do not respond to hypoxia, but when coexpressed with Kvβ1.2 the Kv4.2 current is inhibited by hypoxia, suggesting that Kvβ imparts oxygen sensitivity to Kv4.2 currents. Nevertheless, the mechanism underlying Kvβ1.2-dependent oxygen sensitivity of Kv4.2 remains unclear. The activity of Kv4.2-Kvβ1.2 channels was affected by hypoxia even in excised patches and based on this observation, Pérez-García et al 63 concluded that oxygen sensor must be located in the membrane and that it affects Kv currents only in the presence of Kvβ. Although, the identity of this sensor remains a mystery, its sensitivity to CO suggests that it might be a heme-containing protein that could alter pyridine nucleotides bound to the Kvα-β pair or change the nature of the cofactor bound to Kvβ by generating a Kvβ substrate. At present, such mechanisms remain speculative, and further investigations are required to determine whether oxygen-sensitive changes in Kvα-β current are reflective of metabolism-driven changes in the redox ratio of pyridine nucleotides or the catalysis of an oxygensensitive Kvβ substrate.
Kv2.1 Channels
Like members of the Kv1 and Kv4 family, the Kv2.1 channels also have been shown to be sensitive to the redox ratio of pyridine nucleotides. MacDonald et al 64 have reported that in whole-cell recordings of Kv2.1 from pancreatic β-cells, increasing the NADPH:NADP + ratio in the patch pipette from 1:10 to 10:1 increased the contribution of fast inactivation to total inactivation from 40% to 60%. The effects, however, were modest and could not be duplicated by Yoshida et al. 65 Moreover, it is unclear how Kv2.1 is regulated by NADP(H). The Kv2.1 protein does not associate with pyridine-binding subunit, such as Kvβ, and direct binding of pyridine nucleotide to Kv2.1 has not been demonstrated. Although it is possible that changes in NADPH/NADP + levels could also affect Kv2.1 currents indirectly by changing cell metabolism or kinase activation, there is no evidence to support this possibility. Moreover, the physiological significance of the redox sensitivity of Kv2.1 in insulin secretion is unclear, because it has been reported that changes in Kv2.1 channels do not affect the levels of the critical pool of subplasma membrane calcium that regulates exocytosis. 66 Because NADPH facilitates insulin exocytosis, 67 it has been speculated that the binding of NADPH increases the association of Kv2.1 with SNARE proteins, which facilitates granule docking or priming. 68 Although this is an interesting possibility, additional investigations are required to fully elucidate the relationship between NADP(H) and Kv2.1 and to assess its importance in regulating insulin secretion or other physiological phenomena.
Voltage-gated Sodium Channel
The voltage-gated sodium channel (Nav) conducts the fast inward sodium current that gives rise to the upstroke of the action potential and regulates the action potential duration. Therefore, small changes in sodium current profoundly impact myocardial excitability and conductance and such changes attributable to genetic mutations increase myocardial susceptibility to arrhythmias. Several gain-of-function and lossof-function mutations in the cardiac channel (SCN5A) and its auxiliary subunits (Nav β1-β4 subunits) have been linked to arrhythmic syndromes, such as the long Q-T (LQTS type 3), the Brugada, the sick sinus, and the sudden infant death syndromes. 69 In a large multigenerational family of Italian descent with Brugada syndrome 70 and in several cases of sudden infant death syndrome, 71 the pathogenic cause has been identified to mutations in the glycerol-3-phosphate dehydrogenase-1-like protein (GPD1-L), which decrease surface trafficking of SCN5A and the peak sodium current. The importance of GPD1-L is further underscored by recent evidence showing that common variations in or near GPD1-L are associated with increased risk of sudden cardiac death in patients with coronary artery disease. 72 GPD1-L is a 40-kDa protein that shares 84% sequence homology with GPD, an oxidoreductase that converts dihydroxyacetone phosphate to glycerol-3-phosphate. Because glycerol-3-phosphate is required for lipid synthesis, the activity of GPD connects carbohydrate metabolism to lipid synthesis. GPD also contributes electrons to the mitochondrial electron transport system and maintains the redox status of the pyridine nucleotide levels in the mitochondria by participating in glycerol phosphate shuttle. GPD1-L displays glycerol phosphate dehydrogenase activity, although its catalytic activity is slower than that of GPD. 73, 74 Results of GST pull-down assays in a heterologous expression system suggest that GPD1-L is directly or closely associated with the poreforming α-subunit of SCN5A. 73 GPDL-1 mutations that have been linked to Brugada syndrome (A280V) and sudden infant death syndrome (E83K) decrease GPDL-1 activity, but do not alter its association with SCN5A. 73 However, these mutations decrease the surface expression of SCN5A, thereby reducing total I Na. 70, 73 This phenomenon is reminiscent of the behavior of Kvβ, which is also an oxidoreductase that regulates the surface expression of its pore-forming partner (Kv1). As seen with GPDL-1, loss-of-function mutations also decrease the effects of Kvβ on Kv1 trafficking. 75 The close association between Nav and GPD1-L suggests that the sodium current may be sensitive to redox chemistry. Patch-clamp experiments of Dudley et al 76 show that in rat neonatal cardiac myocytes and in HEK cells expressing SCN5A, intracellular dialysis with 20 to 100 μmol/L NADH directly inhibits I Na (Figure 6 ) and that this is antagonized by incubating the cells with NAD + . This inhibition of I Na was linked to NADH-dependent protein kinase C (PKC) activation or mitochondrial superoxide generation. 76 However, the processes by which NADH could stimulate PKC have not been identified and it was unclear how activated PKC could increase mitochondrial reactive oxygen species production. Moreover, NADH-mediated I Na suppression was not accompanied by changes in the inactivation of the channel or the induction of window current or a late sodium current, usually seen in cardiac myocytes exposed to oxidants. [78] [79] [80] Valdivia et al 73 suggest that at least some of the effects of NADH on sodium current may be attributable to changes in GPD1-L activity, because they were completely abolished by inhibiting PKC, indicating that NADH has no direct effects on Nav. They link PKC activation to GPD1-L activity, suggesting that NADH increased the production of glycerol-3-phosphate by GPD1-L, which increases diacylglycerol formation. This increase in diacylglycerol stimulates PKC activity and results in greater SCN5A phosphorylation. Moreover, they found that PKC activation acutely decreases the surface expression of SCN5A and this effect is prevented by the NADPH oxidase inhibitor apocynin, suggesting that both channel phosphorylation and reactive oxygen species production are required for PKC-mediated regulation of SCN5A trafficking. 81 However, these signaling pathways have been delineated mostly in heterologous systems and, therefore, additional experiments are required to determine endogenous regulation of I Na by pyridine nucleotide in cardiac myocytes (or neurons) and to determine whether GPD1-L and pyridine nucleotide-dependent changes in PKC activation and reactive oxygen species generation affect only sodium channels or other ion transport mechanisms as well.
ATP-regulated K + Channels
The ATP-regulated K + channels represent another class of K + channels that are regulated by nucleotides. Although these channels are primary regulated by ATP, they also have been found to be sensitive to pyridine nucleotides as well. The effects of pyridine nucleotides on the K ATP channels were first described by Dunne et al, 82 who reported that in excised patches of insulin-secreting cells low (100 μmol/L) concentrations of NAD(P) + and NAD(P)H promoted channel opening, whereas high concentrations (500 μmol/L) led to channel closure. These effects were modified by ATP and ADP, indicating that pyridine coenzymes compete with adenine nucleotides for the NBD of the channel.
The K ATP currents are generated by a large conductance channel present in the plasma membrane of several tissues, including the heart, smooth muscle, and pancreatic β-cells. 83, 84 by guest on September 4, 2017 http://circres.ahajournals.org/
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An ATP-dependent potassium conductance has also been identified in the mitochondria, 85, 86 which has recently been found to be attributable to a channel related to the ROMK (Kir1.1) channel of the renal outer medulla. 87 The sarcolemmal K ATP channels open when the cellular concentrations of ATP are low and are blocked at high ATP levels. These channels are formed by the 4 pore-forming Kir6.2 subunits and 4 regulatory sulfonylurea receptor (SUR2A) subunits. The current is inhibited by the binding of adenine nucleotides to Kir6.2. Moreover, the NBD of SUR interacts specifically with Mg-nucleotide complexes, resulting in channel opening. 83 Therefore, in any given metabolic state, the activity of the channel is a balance between the stimulatory and inhibitory effects of adenine nucleotide binding. Experiments with Kir6.2/SUR1 expressed in Xenopus oocytes have shown that inhibition of these currents by NAD + and NADP + is mediated via binding to the Kir6.2 NBD, but not to the SUR1 NBD (Figure 7) . The affinity of Kir6.2 for NADP(H) is markedly enhanced on interaction with SUR1, perhaps because modification of the nucleotidebinding pocket of Kir6.2 by SUR1 facilitates the attachment of molecules bulkier than adenine mononucleotides, such as NADP(H). 88 Nevertheless, the physiological significance of this interaction has not been assessed, and it is not clear whether the cardiac SUR2A isoform responds similarly. Because pyridine nucleotides are much less potent in inhibiting IK ATP , it is likely that these nucleotides make only a small contribution to inhibition of the channel. Moreover, because the Kir6.2 displays no specificity for oxidized or reduced species but responds only to bulk nucleotide concentrations, it cannot participate in modulation of membrane potential by the redox state of pyridine nucleotides. Additionally, the ability of low concentrations of pyridine nucleotides to increase the activity of native K ATP channels in pancreatic cells 82 was not observed in oocytes expressing Kir6.2/SUR1. 88 Clearly, additional work is required to elucidate the mechanism of binding of low levels of pyridine nucleotides and to assess the significance of binding to physiological levels of NADP(H). Nevertheless, because pyridine nucleotides levels change under conditions that affect ATP levels, it is likely that native K ATP channels are sensitive to both adenine and pyridine nucleotides.
Like the sarcolemmal K ATP channel, the mitochondrial K ATP currents also respond to pyridine nucleotides. Measurements of mitochondrial K ATP activation by osmotic swelling indicate that the channel activity could be inhibited by NADPH. 89 The inhibition of the channel could not be related to reduction of mitochondrial thiols and, therefore, was ascribed to direct regulation of the channel activity by NADPH. These observations suggest that the regulation of mitoK ATP channels by NADPH may be a physiological mechanism for sensing changes in energy metabolism and the redox status of mitochondria, but extensive work will be required to determine whether pyridine nucleotides are endogenous regulators of mitochondrial K + transport.
Cystic Fibrosis Transmembrane Conductance Regulator
The cystic fibrosis transmembrane conductance regulator is an ATP-binding cassette ion exchanger responsible for moving chloride and thiocyanate ions across epithelial cell membranes. Mutations in this gene create a nonfunctional protein that does not transport chloride and water in and out of cells that line the lungs, the pancreas, the liver, and the reproductive and digestive tracts. This disruption of osmotic gradients results in the production of abnormally viscous mucous, causing the obstruction of the respiratory tract characteristic of cystic fibrosis, as well as chronic dysfunction of other affected organs. The cystic fibrosis transmembrane conductance regulator acts as a cAMP-activated ATP-gated ion channel that allows Cl − ions to flow down their electrochemical gradient and exit the cell. It has been reported that pyridine nucleotides can interact with the NBD of cystic fibrosis transmembrane conductance regulator and that the redox potential of pyridine nucleotides regulates the Cl − conductance of the channel. 90 It was found that when ATP levels were clamped, there was a marked increase in Cl − conductance on dialysis of the cell with NADP + . In contrast, dialysis with NADPH inhibited Cl − conductance. Although these studies point to an intriguing link between the redox state of pyridine nucleotides and Cl − conductance, no studies seem to have followed-up on these initial findings.
Transient Receptor Potential (TRP) M2 Channel
Pyridine nucleotides and their metabolites also regulate calcium transport and homeostasis. Although the effects of pyridine nucleotides on the voltage-dependent calcium channels have not been reported, recent work has shown that NAD + regulates calcium homeostasis by modifying the activity of TRPM2 channel (TRPM2). The transient receptor potential (TRP) M2 channel belongs to a large TRP superfamily which comprises several 6 transmembrane cation channels involved in a variety of processes ranging from sensation of touch, smell, taste, pain, temperature, osmotic pressure, and apoptosis. 91 A distinguishing feature of the TRPM2 channel is the presence of a cytosolic nudix hydrolase domain in the C-terminus of the channel that is highly homologous to the ADP pyrophosphatase NUDT9 and is therefore named the NUDT9-homologous domain (NUDT9-H). The NUDT9 domain of ADP pyrophosphatase displays 39% sequence identity with TRPM2 and is a member of the Nudix family of proteins, such as 8-oxo-dGTP hydrolase (MutT) and diadenosine tetraphosphate pyrophosphatase (AP4A hydrolase). 92 TRPM2 is highly abundant in the brain, but it is also expressed in other tissues, including, spleen, liver, lung, heart, and myeloid cells. 93 The channel is nonselective for cations and displays a nearly linear currentvoltage relationship with a reversal potential near 0 mV. 94 The physiological functions of TRPM2 have not been completely elucidated, but there is evidence showing that the channel is involved in monocyte chemotaxis, 95 insulin secretion by pancreatic β-cells, 96 and lysosomal calcium release. 97 Studies with TRPM2-null mice suggest that the channel controls the production of chemokines in monocytes and the infiltration of neutrophils during inflammation. 98 Because TRPM2 is highly responsive to oxidative stress, it is likely that this channel could function as a redox sensor 99 by directly binding to NAD + or its metabolite, ADPR (Figure 1) .
Data from whole-cell patch-clamp experiments show that intracellular dialysis with NAD +100 evokes a large inward current in cells expressing TRPM2 channels. In excised patches, application of NAD + lead to instantaneous activation of the channel, suggesting that NAD + directly activates the channel without the involvement of cytoplasmic or membrane components. However, regulation of the channel by NAD + remains controversial. Some investigators suggest that stimulation of the channel by NAD + may be attributable to contamination of the commercially available NAD + preparations that contain trace levels of ADPR, which is the natural ligand of the channel. 101 Nevertheless, direct binding of 32 P-NAD + to a GST fusion protein of the C-terminal domain of TRPM2 96, 99 suggests that the channel protein interacts with NAD + , presumably as it does with ADPR. Moreover, even though trace contamination by ADPR could account for the effects of 1 mmol/L NAD + , channel activation at higher temperature also has been observed at 300 μmol/L NAD +96 and only minimal channel activation was observed with 10 μmol/L ADPR 100 (EC 50 ≈100 μmol/L), 94 suggesting that contamination with >10% ADPR would be required to fully account for pronounced channel activation by commercial NAD + preparations.
The binding of 32 P-NAD + to the C-terminus of TRPM2 channels indicates that NAD + interacts with ADPR binding site of the Nudix domain. The importance of this domain has been confirmed by experiments showing that deletion of the C-terminus abolishes the activation of the channel by both ADPR and NAD + . 102 Hara et al 99 have suggested that H 2 O 2 activates TRPM2 by increasing the intracellular NAD + , which precipitates cell death by inducing calcium and sodium overload. A similar NAD + -activated conductance, reminiscent of the TRPM2 activity, also has been implicated in rat striatal neuron cell death induced by cell depolarization and calcium influx. 103 Additionally, it has been reported that a similar NAD + -gated nonselective cation channel is activated in CRI-G1 rat insulinoma cells treated with H 2 O 2 . 104 The findings of these studies suggest that stimulation of TRPM2 by NAD + could activate cation influx and trigger cell death. Similarly, in cardiac myocytes, activation of TRPM2 and the resultant sodium and calcium overload have been proposed to be obligatory steps in H 2 O 2 -mediated apoptosis. 105 Nonetheless, it remains unclear whether myocardial oxidative injury in vivo during ischemia-reperfusion could be attributed to TRPM2 activation and whether this is mediated by NAD + binding to the channel. Further experiments with TRPM2-null mice are warranted to rigorously delineate the role of TRPM2 in myocardial ischemic injury and heart failure and to determine whether the activity of the myocardial channel is regulated by NAD + .
In addition to its direct effects on the channel, NAD + could affect the regulation of TRPM2 by its endogenous ligand, ADPR, or inhibit the catalytic activity of the C-terminal domain of the channel. It is currently believed that TRPM2 is activated by ADPR generated from the cleavage of NAD + by CD38. 106 Thus, NAD + levels could indirectly affect TRPM2 activity by regulating the supply of ADPR. NAD + also could compete with ADPR binding and catalysis. The NUDT9 domain of the channel has low levels of ADPR pyrophosphatase activity, 94 which could be inhibited by NAD + and other pyridine nucleotides and their metabolites, although this possibility has not been directly tested. Regardless, the presence of a catalytic domain within the channel is fascinating because it indicates that as seen with the bacterial Kef system, the TRPM2 channels belong to a distinct class of channel proteins that possess catalytic activity. Even though the enzymatic activity of NUDT9 is considerably lower than in the ADPR pyrophosphatases, this may be an evolutionary adaptation to increase the dwell time of ADPR at the channel. 102 Moreover, mutations of the catalytic domain that increase enzymatic activity of NUDT9-H decreased channel activity, suggesting that nucleotide binding, not catalysis, activates the channel. Notably, the interesting possibility that channel gating or ion flow modulates the catalytic activity of NUDT9-H has not been tested.
Ryanodine Receptor (RyR) Calcium Release Channel
The RyRs represent another class of ion channels that may be regulated by pyridine nucleotides. Sequence analysis and homology modeling studies show that the RyR of the skeletal muscle (RyR1) contains several dehydrogenase and NAD + /NADH oxidoreductase domains. 107 This region is located near the N-terminus of the RyR1 and it shows significant structural homology to isocitrate dehydrogenase and isopropylmalate dehydrogenase. It also contains additional motifs related to the alcohol dehydrogenase. Notably, several of the residues that participate in NADP + binding in isocitrate dehydrogenase are conserved in RyR1, suggesting that the channel by guest on September 4, 2017 http://circres.ahajournals.org/ Downloaded from may be capable of binding to pyridine nucleotides. Indeed, equilibrium-binding studies indicate low-affinity binding of [ 3 H] NAD + to the sarcoplasmic reticulum membrane (K d =10 μmol/L), although kinetic studies indicate a much higher affinity (K d =50 nmol/L). On the basis of these studies, it has been estimated that nearly 10 molecules of NAD + bind to each subunit of RyR1. 107 Sequence alignment demonstrates that the cardiac RyR2 protein shares ≈82% homology with RyR1 between amino acids 41 and 1200, and that this region of the protein contains multiple nucleotide-binding sites with significant structural and sequence homology to phosphorylated isocitrate dehydrogenase. The same region also encompasses both catalytic and binding sequences common to dehydrogenases and oxidoreductases.
The results of structural and biochemical studies are consistent with functional measurements. In permeabilized ventricular myocytes, addition of NADH decreases the frequency of calcium sparks, 108 and this inhibitory effect of NADH is partially reversed by NAD + , although NAD + by itself has no effect on calcium spark frequency. These findings suggest that an increase in NADH/NAD + (eg, during ischemia) could inhibit spontaneous sarcoplasmic reticulum calcium release. Nevertheless, the biochemical basis and the physiological significance of these findings are yet to be established. Particularly, it is unclear whether these effects are because of direct binding of NAD + to RyR or because of some other indirect NAD + -dependent changes, such as increased superoxide generation by NADH oxidase. 109 Although NAD + does not activate calcium sparks in permeabilized myocytes, addition of 1 µmol/L NAD + increases the open probability of single RyR2 cardiac calcium release channels incorporated into planar phospholipid bilayers. 110 A similar increase has been reported for skeletal muscle RyR1 channels; in which case, addition of 1 to 10 μmol/L NAD + led to a 7-to 80-fold increase in open probability. 111 These observations suggest that NAD + can directly activate calcium release channels; however, additional investigations are required to fully assess the role of pyridine nucleotides in regulating the calcium release channels, to determine whether the oxidoreductase domains of the RyR are catalytically active, and whether this catalysis regulates calcium release by the channel.
Regulation of Calcium Signaling by NAADP +
In addition to directly regulating ion transport, pyridine nucleotides also generate specialized metabolites that regulate cell signaling, particularly calcium fluxes. The most potent of these metabolites is nicotinic acid adenine dinucleotide phosphate (NAADP + ), which stimulates calcium release in different cell types at concentrations as low as 5 to 10 nmol/L. Activation of calcium release by NAADP + has been found to regulate several physiological processes, including fertilization, neurite outgrowth, synaptic function, 112 and insulin secretion. 113 NAADP + also mobilizes calcium stores in smooth muscle cells 114 and cardiac myocytes. 115 In endothelial cells, NAADP + has been recognized as an essential mediator of histamine-induced secretion of von Willebrand factor 116 and a regulator of nitric oxide production. 117 On the basis of the observation that intravenous administration of a cell permanent NAADPester lowers blood pressure in rats, it has been suggested that NAADP + regulates systemic blood pressure. 117 NAADP + is an NADP + derivative in which the nicotinamide ring is replaced by nictonic acid (Figure 1 ). This structural difference may be sufficient in preventing NAADP + binding to most NADP + -binding proteins, and in promoting specific recognition of NAADP + by its cognate receptors. The biochemical processes involved in NAADP + synthesis have not been completely identified. In vitro NAADP + is synthesized from NADP + by both ADP-ribosyl cyclases and CD38, 118 but it is not clear whether these enzymes synthesize NAADP + in vivo. Measurements of basal NAADP + levels in several tissues show that CD38-null mice maintain normal NAADP + levels. 119 Moreover, increases in NAADP + levels in histamine-stimulated myometrial cells 119 and in glucose-stimulated islet cells 113 are preserved in the absence of CD38, although NAADP + generation in response to CCK stimulation in pancreatic acinar cells 120 is attenuated. Thus, at least in some cells, NAADP + synthesis seems to be CD38-independent and it is likely that there are additional enzyme(s) involved in generating basal and agonist-evoked NAADP + .
Agonist-stimulated increase in NAADP + levels is associated with release of calcium from intracellular stores that are different from those mobilized by IP 3 or cyclic ADPR. 121 It is currently believed that NAADP + targets lysosome-related stores as some of its effects are inhibited by depletion of acidic calcium stores, but not by inhibitors of sarco/plasmic or endoplasmic reticulum Ca 2+ -ATPase. The ability of NAADP + to release calcium from lysosomes has been related to the activation of 2-pore channels (TPCs). 122, 123 These channels contain 2 putative pore-forming repeats and their transmembrane regions are similar to that of other channels, such as the Nav or TRP channels (Figure 8 ) however, instead of the plasma membrane, these channels are located in the endolysosomes and lysosomes or the ER. To date, 3 genes encoding TPCs (TPCN1-3) have been identified, of which TPCN2 is the predominant form expressed in primates and humans. Cells expressing TPC2 show a marked increase in calcium release on intracellular dialysis with 10 nmol/L NAADP + . Conversely, genetic knockdown of these channels abolishes NAADP +induced calcium release, indicating that TPCs are endogenous targets of NAADP + . 121 However, in addition to TPCs, NAADP + also activates RyR 124 and TRP subtype mucolipin 1 (TRP-ML1) 125 and, at high concentrations, the TRPM2 126 channels. The role of each of these channels in shaping the overall calcium response to NAADP + is not clear, but it has been suggested that responses of multiple NAADP + targets are integrated such that the small localized release of calcium by NAADP + via TPCs is amplified by neighboring receptors to generate well-orchestrated calcium oscillations.
The molecular mechanisms by which NAADP + regulates TPCs remain to be fully elucidated. Data from HEK-293 cells show that relative to wild-type cells, cells stably overexpressing TPC2 display increased [ 32 P] NAADP + binding at high-affinity (K d =5 nmol/L) and low-affinity (K d =10 μmol/L) sites. 122 However, the results of photoaffinity studies using radioactive 5-azido NAADP + show no direct binding to the TPC protein. These studies, however, did show that some unknown lowmolecular-weight proteins were labeled by [ 32 P] NAADP + and that the labeling of these proteins was preserved in TPC-null cells. 127 These observations suggest that similar to what has been observed with other pyridine coenzyme-regulated channels (eg, Kv channels), there might be ancillary proteins within the larger TPC complex, which impart NAADP + sensitivity to TPCs.
Because NAADP + is synthesized from NADP + , it is possible that this synthesis is sensitive to prevailing intracellular levels of pyridine nucleotide as well as cellular redox state. However, CD38-ribose and ADP-ribose cyclasedependent NAADP + synthesis requires nicotinic acid, which binds to these enzyme with low affinity (half maximal effective concentration, 5 mmol/L). 118 Therefore, under most conditions, the availability of nicotinic acid, rather than NADP + , is likely to be the limiting factor. NAADP + signaling could, however, be coupled to the cellular redox state by enzymatic reduction of NAADP + to NAADPH. NAADP + is structurally related to NADP + and it binds to NADP + -linked enzymes, such as glucose-6-phosphate dehydrogenase and 6-phospho gluconate dehydrogenase. 128 The reduction of NAADP + by glucose-6-phosphate dehydrogenase generates NAADPH, which does not induce calcium release. Hence, it is possible that enzymatic reduction is an off signal that limits the actions of NAADP + , and that this reductive process couples NAADP + signaling to the overall redox state of the cell. In this regard, it is interesting to point out that several processes that involve NAADP + signaling, for example, fertilization, 129 are also associated with dramatic changes in the redox state; therefore, the redox sensitivity of NAADP + may be the missing link between calcium-mediated signaling and cell metabolism.
Summary and Perspective
In classical biochemistry, pyridine nucleotides are most frequently viewed as soluble electron carriers. As coenzymes, they are known to support oxidation-reduction reactions and to control cell metabolism. However, recent research suggests that pyridine nucleotides can also regulate cell signaling, gene transcription, and ion transport by acting as electron donors, enzyme substrates, or ligands of specific receptors. Unlike most signaling molecules, pyridine nucleotides also impart redox sensitivity to regulatory processes. By doing so, these nucleotides control a large network of reactions, and therefore they can effectively integrate metabolism, cell signaling, gene Although research in this area is still maturing, several ion-transporting proteins have been shown to either contain NBD motifs or assemble with auxiliary subunits that bind pyridine nucleotides (Figure 9 ). The association between nucleotides and ion transport has been conserved during evolution, and NBD-containing ion transport systems have been found in organisms ranging from bacterium to human. Although during evolution, some of these domains have been recruited to provide structural stability to proteins or to bind other ligands, most are still capable of high-affinity pyridine nucleotide binding. In addition, recent studies have shown that some NBD motifs of ion transport proteins are functional and that the activity of several ion transporters is modified by exogenous addition of pyridine nucleotides. There is also evidence to suggest that pyridine nucleotides regulate ion fluxes by binding directly to ion transport proteins or their ancillary subunits. Yet, there is little direct evidence showing that pyridine nucleotides are endogenous regulators of ion transport or that physiological or pathological changes in pyridine nucleotide levels have any significant effect on ion transport. Additional research is needed to establish cause-and-effect relationships between pyridine nucleotides and ion transport. To delineate these relationships, it may be necessary to develop new methods for simultaneously measuring free nucleotide levels and ion transport in living cells and to determine how pyridine nucleotides regulate ion transport in vivo.
As discussed, recent research has uncovered several potential mechanisms by which pyridine nucleotides can regulate ion fluxes. In bacterial K + transporters, such as KtrA, for example, nucleotide binding induces specific changes in channel conformation-changes that could possibly alter the ionconducting properties of the channel pore. 4 Similarly, in eukaryotic channels, such as the Slo K + channels, the binding of pyridine nucleotides to the cytosolic domain of the channel alters channel gating, whereas in Kv1 complex nucleotide binding to Kvβ affects inactivation of the current. In addition, as shown for Kv1 75 and SCN5A 73 channels, NBD proteins could also facilitate channel trafficking and localization. Moreover, as in the bacterial KefC channels, catalytically active NBD proteins could help protect channel proteins from oxidative injury. Such proteins could also provide the channel privileged access to metabolites that regulate channel activity-as in case of the Nav-associated protein GPD1-L, which regulates selective PKC phosphorylation of the channel. Although the general applicability of this function is unclear, other channel proteins, like Kvβ, are also constitutively associated with PKC, 130 suggesting that association with other signaling proteins may be required to support local channel-specific regulation. In most cases described in the literature, however, the speculated roles of pyridine nucleotides in regulating ion fluxes remain unsubstantiated. Additional research is required to delineate the specific roles of pyridine nucleotides and their metabolites in the regulation of channel activity, localization, and posttranslational modification.
Additional research also is required to evaluate the physiological and the pathological implications of this regulatory axis. For instance, even though circumstantial evidence suggests that pyridine nucleotides play an important role in the regulation of HPV, insulin secretion, oxygen sensing, or even circadian rhythms, 131 there is no clear evidence to actually implicate pyridine nucleotides in these phenomena. It is similarly unclear whether the ischemic dysfunction of myocardial ion conductances is related to changes in pyridine nucleotide signaling. Finally, the exciting possibility that, in addition to being regulated by NBD proteins, ion transport proteins in turn can regulate the activity of pyridine nucleotide-dependent proteins has yet to be tested. As mentioned, several channel-associated proteins, such as KefF, Kvβ, GPD1-L, and NUDT9-H, are catalytically active; therefore, changes in membrane potential could affect the activities of these enzymes. Further exploration of this possibility could reveal new mechanisms by which membrane potential regulates cell chemistry and metabolism. In the brain, such processes might be the basic molecular units of memory and learning; in non-neuronal cells, this mechanism could, perhaps, impart metabolic memory or contribute to the epigenetic regulation of gene expression. To understand these and other complex relationships between ion transport and pyridine nucleotides, however, we would first need to identify and characterize specific components of the individual ions channels that are regulated by pyridine nucleotides. From these findings, we would have to develop an integrated systemwide view-a view that would detail how exactly different ion transport mechanisms are synchronously regulated to support basic cell function or to mount a well-orchestrated unified response to environmental cues. Thus, further elucidation of this link between pyridine nucleotides and ion transport might provide a new understanding of the mechanisms underlying several physiological processes and disease states.
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